To discuss the involvement of lysosomes in the control of muscle mass.
Introduction
Lysosomes are the cellular system charged with the removal of organelles, proteins, and aggregates. Lysosomes are constituted by membrane-bound vesicles containing low pH and different acidic hydrolases that can degrade a variety of molecules [1] . The central role of lysosomes in myofiber homeostasis is highlighted by the presence of a group of muscle disorders characterized by alterations of lysosomal proteins. For instance, Pompe disease is due to a defect in lysosomal acid a-glucosidase [2], Danon disease is caused by the lack of lysosomeassociated membrane protein 2 (Lamp2) [3] , and X-linked myopathy with excessive autophagy (XMEA) [4] is triggered by mutations in an essential assembly chaperone of the V-ATPase, the principal mammalian lysosomal proton pump complex [4] . Furthermore, chloroquine-mediated inhibition of lysosome function induces a well known myopathy [5] . The pathogenetic mechanisms of all these muscle disorders have been attributed to the functional impairment of lysosomes that ultimately affects also the cargo delivery. The lysosomes are the end-point of several pathways including endocytosis, pinocytosis or phagocytosis, and autophagy. The docking system is crucial for substrate recognition, sequestration, and delivery to the lysosome for degradation. Modification of the docking system has a major impact on the rate of substrate removal. Recent findings have under-lined the critical role of autophagy in the control of muscle mass. In fact, cytosolic proteins and organelles are delivered to the lysosomes via the autophagy system. Therefore, this review will present a summary of the autophagy-lysosome system and of its implication in muscle homeostasis.
Autophagy: the cargo delivery system of lysosomes
The term of autophagy has been coined by the Nobel Laureate Christian de Duve more than 40 years ago [6] . Autophagy refers to the degradation of cytosolic components in lysosomes independently of the mechanism by which the degraded cargo is delivered to the lysosomes. Three different mechanisms of delivery have been described in mammals and have been classified in: microautophagy, chaperone-mediated autophagy (CMA), and macroautophagy ( Fig. 1) [7]. Microautophagy involves the direct engulfment of small areas of cytosol by the lysosomal membrane. Lysosomal membrane invaginates and then the microautophagic vesicles move into the lysosomal lumen and cargo is degraded by the hydrolases upon digestion of the vesicles limiting membrane. This form of autophagy is less studied than the other two and we do not have any idea whether microautophagy is present in skeletal muscle. It has been postulated that microautophagy can participate in glycogen uptake into lysosome when macroautophagy is blocked [8] .
In CMA, the substrates are soluble proteins that are recognized by a complex which is mainly constituted by heat shock cognate protein of 70 kDa (hsc70), a member of the heat shock protein (hsp)70 family of chaperones [9] . The substrates that are recognized by hsc70 contain the pentapeptide sequence Lys-Phe-Glu-Arg-Gln (KFERQ). Sequence analysis reveals that 30% of cytosolic proteins carry this motif being potential CMA substrates. Once the protein containing the KFERQ sequence is damaged, the KFERQ motif is exposed and recognized by hsc70. Then, the hsc70substrate complex is rapidly targeted to the lysosomes where it binds to Lamp2a, a lysosomal transmembrane protein [9] . After binding to Lamp2a, the substrate undergoes to complete unfolding and then translocates into the lumen of lysosome. Once the unfolded protein reaches the lysosome lumen, it is destroyed within minutes. This form of autophagy is raising a great interest for its potential role in ageing [10] , neurodegenerative disorders, and lysosomal storage diseases (e.g. Danon disease) [9] . However, the role of CMA in muscle homeostasis or during atrophy has never been completely addressed. A study analyzed the contribution of CMA to protein breakdown in liver, heart, and skeletal muscles of fasted rats [11] . The activity of CMA was monitored by measuring the decrease of proteins bearing the KFERQ motif after starvation. The authors concluded that the increased proteolysis in the liver and heart of fasted animals involves activation of CMA and that this does not occur in skeletal muscles. The involvement of CMA in muscle protein breakdown is an important issue that needs to be studied in detail in the coming years.
Macroautophagy is characterized by membranes that are committed to growth becoming double-membrane vesicles that surround the portion of cytoplasm, organelles, glycogen, and protein aggregates. In macroautophagy, small ubiqutin-like molecules (LC3, GABARAP, GATE 16, and Atg12) are transferred from the conjugation system to membranes for their growth and commitment to become a double-membrane vesicle (autophagosome) [12, 13] . This reaction requires the recruitment and assembly of different components of the autophagy machinery on phospholipids, but only the ubiquitin-like components, LC3, GABARAP, and GATE16 are covalently bound to the phospholipid, phosphatidylethanolamine [14, 15] . This covalent bond occurs both on the outer and inner membranes of the autophagosome. Sequestered organelles and proteins are then docked to the lysosomes for their degradation. The fusion of the outer membrane of the autophagosome Figure 1 Autophagy is a concept that includes different systems that bring proteins, organelles, and cytosolic components to lysosomes
The scheme exemplifies macroautophagy, microautophagy, and chaperone-mediated autophagy.
with the lysosomal membrane also determines the degradation of the inner membrane and of the proteins that are associated with it. As a result of the transient nature of the autophagosomes, the lifetime of LC3 and its homologs is rather short. The membranes that provide phospholipids to the growing autophagosomes belong to endoplasmic reticulum, mitochondria, and plasma membrane [16 ,17,18 ] . In skeletal muscles, morphological observations by electron microscopy underline a potential role of t-tubules as lipid donors [19] . Accumulation of autophagosomes occurs in many myopathies and are the major features of a group of muscle disorders named autophagic vacuolar myopathies (AVM) [3] . However, whether autophagosomes are causative of muscle damage or are a compensatory effect of these disorders have not been completely addressed.
The renaissance of autophagy-lysosome system
Although macroautophagy (hereafter named autophagy) has been described many years ago, its involvement in muscle protein breakdown during atrophy has been neglected for a long period. Loss of muscle mass occurs in many conditions ranging from denervation, inactivity, microgravity, fasting to a multitude of systemic diseases such as cancer, sepsis, AIDS, diabetes, cardiac and renal failure [20] . In all of these catabolic conditions, protein breakdown is enhanced and exceeds protein synthesis resulting in myofiber atrophy [21] . Previous evidence has shown that lysosomal degradation contributes to protein breakdown in denervated muscle [22, 23] . Moreover, cathepsin L, a lysosomal protease, is upregulated during muscle atrophy [24] . However, advances in the field were particularly slow perhaps due to the initial difficulties of autophagosome detection within the complex structure of the myofiber. Development of biochemical and imaging tools to follow autophagosome formation greatly improved the characterization of autophagy in atrophying muscles [25] . Mizushima et al. [26] generated transgenic mice expressing LC3 fused with GFP. As LC3 is critical for membrane commitment and growth [27] , activation of autophagy is easily visualized in these mice by the appearance of bright GFP-positive spots. Skeletal muscles contain autophagosomes within myofibrils and beneath the plasma membrane that dramatically increase during fasting. These transgenic animals are also extremely useful for comparing the size of autophagosomes in different tissues under basal and fasted conditions. Interestingly, fasted skeletal muscle shows the smallest vesicles when compared to autophagosomes of liver, heart, and pancreatic acinar cells [26] . Thus, the small size of autophagosomes could be an important aspect that, in the past, had limited the detection of autophagosomes in muscle. Another important observation from Mizushima et al. was a higher level of autophagosomes in fast glycolytic muscles than in slow b-oxidative muscles. However, it is worth noting that slow soleus muscle also displayed both a basal and fasted rate of vesicle formation so autophagic flux is also present in b-oxidative fibers. By using these tools, we have only recently begun to unravel the contribution of autophagy to muscle loss. For example, it is now known that myofiber atrophy induced in vivo by overexpression of constitutively active FoxO3 requires autophagy. Knocking down the critical gene LC3 by RNAi partially prevents FoxO3-mediated muscle loss [28] . Other genetic models have also confirmed the role of autophagy during muscle atrophy. Oxidative stress, induced by expression of mutant superoxide dismutase (SOD1 G93A ) specifically in skeletal muscle, causes muscle atrophy mainly via autophagy activation. The reduction of autophagy by expressing short hairpin RNAs (shRNAs) against LC3 spares muscle mass in SOD1 G93A transgenic mice [19] . However, as the preservation of muscle mass was studied by morphological observations, we do not know whether this protection is also functional and spares force production. This aspect would be important to address in the next years for the development of appropriate therapeutic approaches against weakness. Increased oxidative stress occurs during denervation and hindlimb suspension. During these disuse conditions, neuronal NOS (nNOS) moves from the sarcolemma, where it is bound to the dystrophin-glycoprotein complex, to the cytosol. Free cytosolic nNOS induces oxidative stress and enhances FoxO3-mediated transcription of the atrophy-related ubiquitin ligases, atrogin 1 and MuRF1, causing muscle loss [29] . Similarly, when DHPR, a L-type Ca 2þ channel, is reduced in adult skeletal muscles by RNAi, it also triggers atrophy via nNOS relocalization and FoxO3 activation. However, in this genetic model of muscle atrophy, the genes that are upregulated by FoxO3 are the autophagy genes LC3, VPS34, Bnip3, and the lysosomal enzyme cathepsin L. Morphological studies and ultrastructural observations by electron microscopy confirm the induction of autophagosomes, when DHPR is reduced [30] . In humans, the diaphragm of patients who are mechanically ventilated undergoes rapid atrophy by activating different proteolytic systems including autophagy [31, 32] . Prolonged mechanical ventilation induces diaphragm disuse that, in turn, leads to activation of autophagy through Akt inhibition and FoxO1 induction [32] . Interestingly, also in this condition of disuse-atrophy oxidative stress is increased and therefore contributes to FoxO activation.
Recent data suggest that autophagy may also contribute to sarcopenia, the excessive loss of muscle mass that occurs in the elderly [33] . During ageing, there is also a progressive deterioration of mitochondrial function and activation of autophagy. Forced expression of PGC1a, the master gene of mitochondrial biogenesis, ameliorates loss of muscle mass, and prevents the age-related increase New findings of lysosomal proteolysis in skeletal muscle Sandri 225 of autophagy [34] . Thus, autophagy activation has been reported in acute conditions of muscle loss as well as in chronic and long-lasting situations of muscle debilitation and weakness.
Interestingly, recent findings suggest that autophagy activation might be critical not only for protein breakdown and muscle atrophy, but also for myofiber survival. In fact, mutations that inactivate Jumpy, a phosphatase that counteracts the action of VPS34 and reduces autophagic flux, are associated with centronuclear myopathy [35] . Therefore, unbalanced autophagy might be the pathogenic mechanism that causes positional alteration of myonuclei and, consequently, triggers myofiber degeneration. Together, these findings strongly suggest that excessive autophagy, similar to the ubiquitinproteasome system, is detrimental to muscle mass.
Protein homeostasis is crucial for myofiber health
Autophagy is the system to clear the cell from dysfunctional organelles, toxic protein, and protein aggregates. During ageing, in many neurodegenerative disorders and in several congenital and acquired myopathies protein aggregates, abnormal mitochondria and stress in endoplasmic/sarcoplasmic reticulum start to accumulate into the cells. These features suggest a defect of autophagic flux, more than an excessive activation of autophagy system. Protein aggregates that are positive for ubiquitin and p62/SQSTM1 proteins have been described in muscles of patients affected by sporadic inclusion body myositis (sIBM) as well as in different tissue-specific autophagy knockout mice [36] [37] [38] . Indeed, inhibition of lysosomal degradation has been found in muscle biopsies of sIBM patients [39] . Importantly, the muscle-specific autophagy knockout mice show a phenotype that is consistent with the critical role of basal autophagy in muscle homeostasis [8, 40 ,41] . Deletion of either Atg5 or Atg7, two critical autophagy genes, triggers atrophy, weakness, and several features of myopathy. Ablation of Atg7 gene causes accumulation of protein aggregates, appearance of abnormal mitochondria and of concentric membranous structures, induction of oxidative stress, and activation of unfolded protein response. Together, these pathological conditions lead to myofiber degeneration [40 ] . Another interesting aspect is the accumulation of polyubiquitinated proteins in detergent soluble and insoluble fractions of autophagynull muscles. This finding has been reported in other tissue-specific autophagy knockout mice which also show an increase of polyubiquitinated proteins and accumulation of concentric membranous structures [37, 38, 42, 43] . These observations, together with the evidence that proteasome activity is not seriously impaired in Atg7 null muscles, suggest that some ubiquitinated proteins are specifically targeted to lysosomal degradation via autophagy. We actually do not know which signals establish whether polyubiquitinated proteins are degraded via proteasome or lysosome. A recent report has identified the enzyme sialidase Neu2 as a specific substrate of the autophagy-lysosome system in atrophying myotubes [44] . It is unclear whether decreased Neu2 protein results in nonspecific engulfing of portions of the cytosol or whether specific post-translational modifications such as ubiquitination selectively brings Neu2 to autophagosomes. In fact, it is now clear that ubiquitinated proteins are delivered to autophagosomes via p62/SQSTM1 and NBR1 proteins that bind the polyubiquitin chains and LC3 [45] [46] [47] [48] [49] . Interestingly, the action and the ubiquitination of co-chaperones have been reported as an alternative pathway for autophagosome-dependent protein degradation in skeletal muscles. Filamin is a protein that undergoes unfolding and refolding cycles during muscle contraction and therefore is prone to irreversible damage. Alterations of filamin structure trigger the binding of the co-chaperone BAG3, which carries the complex constituted by the chaperones Hsc70, HspB8, and the ubiquitin ligase CHIP. CHIP ubiquitinates BAG3 and filamin which are recognized and delivered to the autophagy system by p62/SQSTM1 protein [50 ] (Fig. 2) . A mutation of BAG3 that inactivates filamin removal causes a severe myopathy with Z-disk disintegration [50 ,51] . The process of delivering autophagosomes to lysosomes is another important step in muscle protein degradation. Recent evidence underlines an unexpected role of valosin-containing protein (VCP) in autophagosome maturation [52] . VCP/p97 is implicated in multiple processes, including cell cycle, Golgi biogenesis, nuclear envelope formation, and the ubiquitin-proteasome system. Mutations of VCP/p97 gene cause inclusion body myopathy (IBM), Paget disease of the bone, and frontotemporal dementia (IBMPFD). Interestingly, different reports indicate that alterations in VCP/p97 function results in accumulation of autophagosomes that fail to fuse with lysosomes [52, 53] . The accumulation of nondigested autophagosomes forms the morphological structure called rimmed vacuoles and induces the formation of p62positive protein aggregates. However, the mechanism by which VCP/p97 regulates autophagy is still unknown. Understanding which proteins are the substrate of autophagy and the mechanisms of their recognition and delivery to autophagosomes are intriguing questions which will hopefully gain attention in the near future.
Clearance of damaged orgenelles is critical for myofiber function
Mitochondria are specifically removed by autophagy (mitophagy) and in yeast, we now know that the gene Atg32 is critical for selective mitophagy [54] . In mammals, the mechanisms of mitochondria recognition and removal via autophagosomes are unclear but some players have been identified. PINK1, parkin, and Bnip3l regulate mitophagy and inactivation of these genes lead to the presence of abnormal mitochondria [55, 56] . Bnip3l has been reported to directly bind to LC3 and is therefore able to recruit the growing autophagosome to the mitochondria [57] . Another mechanism of action involves the recruitment of an adaptor such as p62, to bring the vesicles to ubiquitinated mitochondrial proteins (Fig. 2) . We have recently shown that mitochondria dramatically change in shape and dimension during fasting, denervation, and overexpression of a constitutively active form of FoxO3 and that autophagy via Bnip3 contributes to the remodeling of the mitochondrial network [58] (Fig. 2) . Conversely, impairment of basal mitophagy is deleterious and has been found to play a role in a congenital muscular dystrophy due to a defect in collagen VI production. Lack of collagen VI results in Ullrich dystrophy and Bethlem myopathy which are characterized by the accumulation of dysfunctional mitochondria that leads to apoptosis and myofiber degeneration. The accumulation of abnormal mitochon-dria is the end-point of an impairment of autophagy. In fact, the absence of collagen VI in extracellular matrix causes a persistent activation of Akt in myofibers that inhibits the expression of critical regulatory components of autophagy system such as Beclin-1 and Bnip3. It is worth reminding that the muscle-specific, autophagy-deficient animals also are characterized by the presence of abnormal mitochondria. Importantly, reactivation of the autophagic flux in collagen VI-deficient muscles by a low protein diet or by pharmacological tools, such as rapamycin or cyclosporin A, rescues the dystrophic phenotype by clearing the abnormal mitochondria and the dilated sarcoplasmic reticulum [59 ] . This is the first evidence that an impairment of basal autophagic flux, at the level of autophagosomes formation, plays a crucial role in the pathogenesis of congenital muscular dystrophies. This finding opens the field to new investigations of autophagy in other muscular dystrophies.
Recent findings suggest that autophagy is critical for nuclear stability. Nuclear envelopathies are genetic New findings of lysosomal proteolysis in skeletal muscle Sandri 227 In atrophying muscles, the FoxO-dependent regulation of the ubiquitin-proteasome system controls the half-life of sarcomeric proteins. Inhibition of proteasomal-dependent degradation has been described to reduce muscle atrophy. Instead autophagosomes remove damaged mitochondria, unfolded proteins that are prone to aggregate and structural proteins. Impairing autophagy system causes accumulation of abnormal organelles and toxic proteins that leads to myofiber degeneration. The scheme also describes some mechanisms of recognition of dysfunctional mitochondria and aggregates.
disorders caused by mutations in the emerin and lamin A genes that encode for nuclear structural proteins. These diseases are characterized by an increased nuclear fragility especially after mechanical stresses. Therefore, skeletal and cardiac muscles are the tissues mostly affected by these genetic defects. Giant autophagosomes containing nuclear components including chromatin have been found in emerin and lamin A deficient fibroblasts. Importantly, inhibition of autophagy led to accumulation of nuclear abnormalities and reduced cell viability [60] . An interesting aspect that suggests a general involvement of autophagy in nuclear remodeling is the finding that similar giant autophagosomes are also present, albeit rarely, in wild-type cells. Therefore, these data suggest that 'nucleophagy' may be an important mechanism for the maintenance of nuclear stability in mammals. How exactly portions of nuclei are removed without affecting the number of chromosomes, genes, and therefore cell viability is another crucial point that must be clarified in the near future.
Healthy muscles extend life span in Drosophila
Another important role of autophagy in the control of protein homeostasis (proteostasis) and its link with healthy ageing has been recently described. In Drosophila, a selective activation of autophagy in skeletal muscles via FoxO is required to prevent the accumulation of p62-dependent protein aggregates and consequently, muscle weakness. The maintenance of a normal autophagy flux in aged muscles induces a beneficial extension of life span. Surprisingly, the removal of protein aggregates occurs not only in skeletal muscles but also in brain, retinal, and adipose tissues [61 ] . These beneficial effects do not happen if FoxO is maintained active in another tissue, such as adipose tissue. This work is a masterpiece in ageing field because this is the first genetic evidence that correlate FoxO, autophagy, and healthy muscles to life span extension.
Conclusion
The autophagy-lysosome system is emerging as a crucial system that controls muscle mass during basal as well as catabolic conditions. Therefore, understanding the mechanisms of autophagy regulation and the substrates of lysosomal-dependent degradation are crucial aspects that need to be addressed in the coming years.
